Streptococci and veillonellae occur in mixed-species colonies during formation of early dental plaque. One factor hypothesized as important in assembly of these initial communities is coaggregation: cell-cell recognition between genetically distinct bacteria.
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in the earliest stages of plaque formation by bringing bacteria together to create a functional community. 
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INTRODUCTION
Dental plaque is a multispecies biofilm, the development of which is initiated by adherence of pioneer species to the salivary proteins and glycoproteins adsorbed on tooth enamel. Although more than 700 phylotypes have been detected in the human oral cavity, fewer than 100 phylotypes are found in a typical individual (1) . The biofilm is not formed by random simultaneous colonization by these species: selective, reproducible, sequential colonization occurs (12, 29) . The initial colonizers are a specific subset of the oral microflora: Actinomyces, Neisseria, Prevotella, Streptococcus, and Veillonella predominate (12, 29) . Streptococci constitute 63% of the culturable bacteria after 4 h of plaque formation (29) , and make up 66% of 16S rRNA gene sequences cloned from 4 h plaque samples (12) . The vast majority of the streptococcal sequences belong to the S. oralis/S. mitis cluster (12) . Secondary colonizers such as fusobacteria and capnocytophagae coaggregate with pioneer species (18) and add to the multispecies transitions in the repetitive developmental process.
Coaggregation, defined as cell-cell recognition and binding between genetically distinct bacteria, is characteristic for oral bacteria and has been postulated to play a role in biofilm development (18, 20) . Receptor polysaccharide (RPS) is a cell-surface molecule found on many strains of S. oralis and of S. mitis (15) . It mediates coaggregation by its role as the recognition molecule for lectin-like adhesins found on actinomyces, veillonellae, and other streptococci. Six RPS types have been identified in oral streptococci (9) . Each is composed of a distinct hexa-or heptasaccharide repeating unit which contains either of two host-like disaccharide recognition motifs: GalNAcβ1-
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5 3Gal (Gn type) or Galβ1-3GalNAc (G type). The lectin-like adhesins on actinomyces (8) and on veillonellae (16) recognize Gn-and G-types of RPS, whereas certain streptococci bear GalNAc-specific adhesins that recognize only the Gn-types (9) . Intergeneric coaggregations between RPS-bearing streptococci and actinomyces (9) or veillonellae (17) are prevalent and are thought to contribute to formation of pioneer multispecies communities on enamel (30, 31) . Importantly, wide-spread intrageneric coaggregation between streptococci has been postulated to be a major factor in initial multispecies community formation (19) , and these coaggregations are consistent with streptococci being the dominant initial colonizers (12, 29) .
Although the species diversity of initial plaque (12) as well as of mature plaque (1) has been described through molecular phylogenetics, this information does not reveal spatial relationships between species within communities. A retrievable enamel chip model (32) has been used to examine spatial relationships in initial, undisturbed, human plaque communities. In a fluorescence in situ hybridization (FISH) study using this model, streptococci were shown to be part of small communities that also contained nonstreptococcal cells (12) . Immunofluorescence was used to show veillonellae in juxtaposition with RPS-bearing streptococci (30) . A study using immunofluorescence and nucleic acid stains (31) identified RPS-bearing streptococci in juxtaposition with streptococci that lacked RPS, as well as revealing type-2-fimbriae-bearing actinomyces in juxtaposition with RPS-bearing streptococci. The latter juxtaposed pair, in which a cell bearing a specific coaggregation-mediating adhesin is in juxtaposition with a cell bearing the complementary receptor molecule, provided strong evidence for the hypothesis that 6 intergeneric coaggregations function in the assembly of biofilms in nature (31) . However, while much evidence exists to demonstrate a role for coaggregation in plaque development, definitive proof requires isolation and subsequent culture of juxtaposed cells, and reassembly of those cultured cells into physically and metabolically integrated communities in vitro.
Veillonellae and streptococci have been postulated to be linked metabolically through streptococcal fermentation of sugars to lactic acid, which is a carbon source for the non-saccharolytic veillonellae. In vivo studies using gnotobiotic rats have demonstrated that veillonellae were unable to establish as monoinfections, yet when a strain of Veillonella was inoculated into rats already monoinfected with a strain of Streptococcus mutans that coaggregates with that Veillonella strain, then the number of veillonellae on the teeth of these co-infected animals was 1000-fold higher than when a non-coaggregating Veillonella strain was used (25) . Also in gnotobiotic rats, lower caries and plaque scores were found for dual-species biofilms compared to those for monospecies colonization by streptococci (41), and veillonellae have been shown to reduce caries activity and demineralization of the enamel surface by streptococci (26, 27) . More recently, spatial relationships between these species have been reported to influence gene regulation in vitro: diffusible-signal exchange between coaggregating partners Veillonella sp. PK1910 and Streptococcus gordonii V288 resulted in upregulation of an amylase gene (amyB) promoter in the streptococcus (13) . Further, it has been shown that veillonellae are in close proximity to RPS-bearing streptococci in initial communities in
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vivo, and that the communities underwent a rapid succession of veillonellae phylotypes (30) .
Because initial dental plaque communities are often composed of just a few cells of different species, a community containing RPS-bearing streptococci in juxtaposition with veillonellae might consist solely of coaggregating species. Furthermore, these cells might be able to form mixed-species biofilms in an in vitro model using saliva as the sole carbon source. Verification of these hypotheses would conclusively demonstrate a role for coaggregation in establishment of initial dental plaque communities.
MATERIALS AND METHODS
Micromanipulation of an initial in vivo community. An 8-hr-old plaque sample was obtained by using the retrievable enamel chip model (31, 32) . Briefly, small chips of human enamel were carried in a mandibular stent in a volunteer's mouth for 8 hrs, after which they were removed and stained in a disinfected (70% ethanol) chamber.
All staining solutions were filter-sterilized. Quantum Dot (QD)-labeled primary antibodies were applied at 30 nM (6) to select communities for manipulation. Anti-RPS, which reacts with a subset of RPS-bearing streptococci that includes representatives of G and Gn structural types (31) , was conjugated to QD 655 (Invitrogen, Carlsbad, CA) for micromanipulation. Anti-R1 (30) reacts with almost all culturable veillonellae from the A C C E P T E D 8 volunteer's mouth. This antibody was conjugated to QD 525 for micromanipulation. In some samples not destined for micromanipulation, 4′,6-diamidino-2-phenylindole, dihydrochloride (DAPI) (Invitrogen) was applied at 5 µg/ml for detection of antibodyunreactive cells. After staining, the chip was affixed to a microscope slide using dental wax, sterile water was applied as immersion fluid, and the biofilm was examined with a 70%-ethanol-wiped 63x 0.9 NA water-immersible lens mounted on a DM LB2 upright microscope (Leica, Bannockburn, IL). A community that contained both of the antibodyreactive cell types (i.e., at least one anti-RPS-reactive cell together with at least one anti-R1-reactive cell) was identified, and dual TransferMan® NK2 micromanipulators Colonies were picked from MSM plates without vancomycin and were screened for RPS by dot immunoblotting (43) . Membranes were hand-spotted with 0.7 µl of overnight bacterial culture, incubated with a primary antibody mixture that identifies all RPS-bearing bacteria, and the RPS-bearing strains were revealed with HRP-conjugated secondary antibody. The RPS-positive isolates were then re-blotted and screened using single antibodies to characterize the specific structural type of RPS borne on each isolate (43) .
All isolates (RPS-positive and RPS-negative) were subjected to Repetitive Extragenic Palindromic PCR (REP-PCR) analysis to explore clonality (2) . DNA was extracted from 5µl overnight culture with GeneReleaser® (BioVentures, Inc., Murfreesboro, TN), amplification was performed using JumpStart TM ReadyMix TM REDTaq® PCR reaction mix (Sigma, St. Louis, MO), and the initial denaturation at 95ºC was for 2 min. The primer sequences were (REP1R-Dt: III NCG NCG NCA TCN GCC; REP2-Dt: NCG NCT TAT CNG GCC TAC). The PCR products were stained with ethidium bromide and separated by agarose gel electrophoresis. The phylogenetic relationship of the clones to other streptococci was examined using superoxide dismutase (sodA) gene sequences (14) . The primer sequences were (F:
TRCAYCATGAYAARCACCAT;
A C C E P T E D 10 R: ARRTARTAMGCRTGYTCCCARACRTC). MEGA version 4 (38) was used to perform ClustalW alignment of the sodA sequences, and the tree was built using a neighbor-joining algorithm (37) .
Spatial relationship of RPS-bearing streptococci, other streptococci, and veillonellae in vivo. A protocol for simultaneous application of FISH and immunofluorescence was developed and applied to biofilms on chips. Samples were labeled with Alexafluor 546-conjugated anti-RPS at 5 µg/ml for 20 min, washed with 1% PBS/BSA, then fixed at 4ºC for 3 h with 4% paraformaldehyde in PBS. FISH was then carried out as previously described (12) Porphyromonas gingivalis ATCC 53978. Probe VEI488 was tested against all negative controls and shown not to hybridize to any of them.
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Reconstruction of the community in vitro. were calculated based on standard curves from ten-fold serial dilutions of bacterial DNA isolated with DNA extraction kit (Qiagen) and quantified with PicoGreen® Fluorescence Assay (Invitrogen). To convert ng DNA to cell numbers, the following weight and genome sizes were used: 2.05 fg/genome and 2Mb for streptococci (42) , and 3.08 fg/genome and 3Mb for veillonellae (23) . The data presented are from three independent biofilms.
(c) Labeling of peg biofilms and microscopy. Anti-RPS conjugated to Alexa Characterization of streptococci. The 160 isolates were screened with a cocktail of anti-RPS antibodies that recognizes all types of RPS (43), after which the isolates were separated into two groups: RPS-positive (41 isolates) and RPS-negative (119 isolates). Subsequently, the 41 RPS-positive isolates were tested with individual antibodies against each of the four recognized serotypes (9, 43) All 41 isolates reacted with antibody specific for RPS serotype 1. These isolates also coaggregated with S.
gordonii DL1, indicating the presence of Gn-type RPS. Based on morphology and
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15 antibody reactivity, all 41 RPS-positive isolates were presumed to be streptococci. 16S-rRNA gene sequence analysis of 10 randomly selected RPS-bearing isolates as well as of 10 randomly selected RPS-negative isolates showed these to be streptococci. However, 16S-rRNA gene sequences do not discriminate oral streptococci at the species level, therefore other methods described below were used.
REP-PCR was used to assess genotypic heterogeneity in all 160 isolates. REP-PCR provides a highly reproducible multi-band PCR-product fingerprint for each genotype (2). All 41 RPS-bearing streptococcal isolates showed identical REP-PCR fingerprints, and all 119 RPS-negative streptococcal isolates shared a single fingerprint distinct from that of the RPS-bearing isolates (Fig. 2) . These data indicate that the micromanipulated community consisted of only two streptococcal genotypes.
Phylogenetic identification of streptococci at the species level was accomplished by comparing the sequence of the superoxide dismutase (sodA) gene (14) of the isolates with that from other non-hemolytic streptococci (Fig. 3) . Based on sequencing results, the RPS-bearing Streptococcus spp. clustered with Streptococcus oralis, and the RPSnegative Streptococcus spp. clustered with Streptococcus gordonii (14) . The sodA sequences for both isolates were deposited in the GenBank database with accession numbers EU488871 and EU488872.
Oral streptococci participate in numerous intergeneric coaggregations, but they also exhibit extensive intrageneric coaggregations (19) . The micromanipulated S.
gordonii was compared with a reference strain S. gordonii DL1 for its ability to coaggregate in vitro with a reference set of streptococcal strains bearing 1Gn, 2Gn, 4Gn, 2G, or 3G. S. gordonii DL1 has GalNAc-specific adhesins on its surface (9) . The
16 coaggregations of S. gordonii DL1 with the reference set of RPS-bearing streptococci were indistinguishable from those of the micromanipulated S. gordonii strain with these RPS-bearing streptococci (data not shown), indicating that the coaggregations are Gn-
specific. An RPS-negative mutant of the reference strain S. oralis 34 (bears 1Gn RPS)
did not coaggregate with either S. gordonii strain, further supporting the presence of Gnspecific adhesins on the micromanipulated S. gordonii strain. Collectively, these data document a 1-Gn-type of RPS on the micromanipulated S. oralis and a Gn-specific adhesin on the micromanipulated S. gordonii, and they indicate that intrageneric coaggregation is integral within initial communities on enamel.
Characterization of yet-to-be-cultured Veillonella sp. Veillonellae are typically isolated from clinical samples using selective agar based on vancomycin resistance (35, 36) . After growth appeared in the original outgrowth inoculated with the micromanipulated community, serial dilutions were plated onto MSM agar with vancomycin (7.5 µg/ml), but no colonies were evident after 48h to 72h of anaerobic incubation. When vancomycin was omitted, the colonies were predominantly streptococci, but some mixed colonies occurred in which anti-R1 reactive cells were observed. Attempts to culture veillonellae from these colonies were unsuccessful.
Efforts to enrich for Veillonella spp. cells included: i) growth media containing preferred carbon sources other than lactate (e.g., pyruvate), ii) plating on agar prepared with spent medium from the streptococcal clinical isolates grown in MSM, and iii) magnetic capture using anti-R1-conjugated Dynabeads (Invitrogen). No colonies were recovered from these procedures.
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However, anti-R1 reactive cells were always detected by primary immunofluorescence in the original outgrowth of the micromanipulation-inoculated mixed culture (Fig. 4) . The anti-R1 reactive cells were occasionally quite numerous, as
shown here, together with other spherical cells presumed to be streptococci. Molecular techniques were also used to confirm the presence of Veillonella spp. cells in the original mixed culture. Veillonella-specific 16S-rRNA gene primers (34) amplified a 343-bp sequence (deposited at GenBank with accession number EU488873) that is identical to other yet-to-be-cultured veillonellae, including sequences from the same volunteer (12) .
The sequence also clustered with those of other anti-R1 reactive cells that are most closely related to Veillonella parvula (30) . That same study revealed that Veillonella sp.
PK1910, a strain in our culture collection named using non-molecular approaches and which trees together with V. parvula strains, is also very closely related to the yet-to-be cultured Veillonella sp. from the captured community. Therefore, PK1910 was selected as a surrogate veillonellae strain in in vitro studies with the micromanipulated S. oralis and S. gordonii isolates. rather evenly over the enamel surface (Fig. 5A) , as are the anti-RPS-reactive clusters of cells (Fig. 5B) . The VEI488-reactive cells are almost exclusively in proximity to anti-RPS-labeled cells, indicating that the distribution of veillonellae together with streptococci in vivo is not random. (Fig. 5C ). These findings accentuate the previous report of these communities identified by fluorescent antibody labeling of veillonellae and RPS-bearing streptococci (30) and extend that observation to include all veillonellae reactive with the VEI488-FISH probe, regardless of their antigenic reactivity.
Spatial relationship between phylotypes
The FISH probe STR405 recognizes all Streptococcus spp. cells (39) To quantify veillonellae and streptococci in the biofilms, Q-PCR with speciesspecific primers was used to amplify part of the 16S-rRNA gene. No cross amplification between Streptococcus-and Veillonella-specific primers occurred. In mono-species biofilms, S. oralis and S. gordonii formed biofilms at 24 h that increased in cell number at 48 h (Fig. 7) . In dual-species streptococcal biofilms, the pair of streptococci did not achieve a higher cumulative cell number than when grown as monocultures. In
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on November 13, 2017 by guest http://jb.asm.org/ Downloaded from 20 monoculture, PK1910 formed minimal biofilm. However, in dual-species biofilms together with each streptococcus, veillonellae cell number was higher at the initial 24 h time point than it was in monoculture, and it increased significantly over the following 24 h. The same was true in the triple-species biofilms. These data show that each streptococcal community member can grow on its own using saliva as the sole nutrient source, whereas PK1910 cannot grow unless a streptococcal partner is present. Further, these data indicate that all members of the three-species community are capable of growing together on saliva.
Architecture of three-species community biofilm in vitro. Each species was labeled using primary immunofluorescence and the biofilms were examined with laser scanning confocal microscopy ( Fig. 8) . Already at the initial 24-h timepoint, all three cell types were found as members of multispecies coaggregates and were not randomly distributed as mono-species colonies over the peg surface: an impressive fact given that this is not a flowing model system. After an additional 24 h of growth, the size of the cell clusters had increased, and the majority of clusters contained three species. These images (Fig. 8) reveal the intimate three-species interdigitation and emphasize the importance of coaggregation to the development of these communities.
DISCUSSION
A multispecies oral biofilm community was obtained from a retrievable human enamel surface by a novel approach that preserves interspecies interactions. The
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21 community consisted of two streptococci (S. oralis and S. gordonii) and a yet-to-be cultivated Veillonella sp. The streptococci exhibited coaggregation; the S. oralis strain bears a GalNAc-containing RPS and binds to the S. gordonii strain that bears a GalNAcspecific adhesin. These data define an important role for intrageneric coaggregation in the development of plaque communities in vivo. The streptococci also coaggregated in vitro with Veillonella sp. PK1910, a strain indistinguishable by 16S-rRNA gene sequence
from the yet-to-be cultivated Veillonella sp. of the captured community. Community reconstruction in vitro, which employed saliva as the sole carbon source and contained PK1910 as a surrogate for the micromanipulated Veillonella sp., demonstrated that the three organisms interact through coaggregation to form biofilms composed of discrete interdigitated multispecies colonies similar in structure to the original community captured from the tooth surface. Furthermore, PK1910 could not grow without interaction with at least one of the streptococci, thereby demonstrating the metabolic dependence of veillonellae on other bacteria for growth in saliva. These results support the concept that this three-species community is a fundamental building block of initial oral biofilms.
One methodological advance required for micromanipulation of the community from the enamel surface was identification of target bacteria based on criteria other than cell shape. Previously, micromanipulation of oral bacteria was based on an unusual and easily identifiable morphology: the "corn cob" configuration (28) . This consortium was shown to consist a long rod, eventually named Corynebacterium matruchotii (10), surrounded by a tufted streptococcus that was eventually classified as Streptococcus cristatus (40) . Of note was the occasional isolation of a Veillonella-like bacterium.
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Subsequent to isolation, antisera were produced against these bacteria, and juxtaposition between antibody-reactive bacteria within corncobs was confirmed by secondary immunofluorescence. However, the Veillonella-like bacterium was rarely seen and appeared only at the tip of the otherwise densely populated corncob. The Veillonella-like bacterium was likely dependent on the other bacteria for growth. The corncobs were obtained from disrupted plaque samples that bore none of the original biofilm architecture. In those micromanipulations, the sample was spread across a thin agar coating on microscopy coverglass, which formed the upper part of a glass chamber with the agar surface facing downwards. Phase-contrast light microscopy on an upright microscope was used to view the sample through the coverglass/agar sandwich, and the consortium was manipulated off using an angled needle inserted into the chamber from the side. In the present study, intact dental plaque biofilms were examined on the opaque substratum of human tooth enamel. An upright microscope with a water immersion objective was used to view the sample without a coverglass, and the manipulators approach through the water droplet between the lens and the sample. The candidate community, RPS-bearing streptococci in juxtaposition with veillonellae, was composed entirely of coccoid organisms, therefore primary immunofluorescence was required to distinguish the target organisms from the many other coccoid bacteria in the biofilm. The use of primary immunofluorescence to target cells required antibodies conjugated to photostable QD fluorophors (6) . Several minutes were needed to locate, select and capture the targeted community. Therefore, as envisioned in prior work (6), photostable QD luminescence was essential for this goal. QDs have narrow, symmetric emission spectra as well as broad continuous excitation (3, 7) . Thus, white-light epifluorescence of
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23 a single wavelength was used to simultaneously excite QD655-anti-RPS-conjugates together with QD525-anti-R1-conjugates for location and manipulation of the community. Micromanipulation of QD-labeled cells from opaque substrata could prove applicable to community capture from a broad spectrum of naturally occurring biofilms.
Only veillonellae and RPS-bearing streptococci were visible during the manipulation. However, other bacteria, although not seen, were likely to be part of the community because diversity within even very small biofilm communities (3 to 5 cells)
has been demonstrated (30, 31) . One cell type not targeted in this study but which might be expected was actinomyces because it was shown to be associated with RPS-bearing streptococci in initial communities (31) . Another expected cell type was adhesin-bearing streptococci; oral streptococci are known to coaggregate with one another (19) and a Gn- Only about 50% of oral phylotypes are estimated to have been cultured (33) .
Veillonella spp. can be difficult to isolate from clinical specimens because other bacteria overgrow them unless inhibited by antibiotic or detergent (22, 36) . However, in the presence of vancomycin, nothing grew from the micromanipulated sample known to contain cells reactive with veillonella-specific antibodies as well as to contain a isolates (lanes 6-9); lanes 1 and 10, 1kb-molecular size markers. 

